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samβada	 is	 a	 genome–environment	 association	 software,	 designed	 to	 search	 for	





standardizes	 the	 landscape	 genomics	 pipeline	 and	 eases	 the	 search	 for	 candidate	
genes	of	 local	adaptation,	enhancing	reproducibility	of	 landscape	genomic	studies.	
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1  | INTRODUC TION
Local	 adaptation	 implies	 the	 existence	 of	 advantageous	 alleles	
conferring	 a	population	 living	 in	 its	 native	habitat	 a	 higher	 fitness	
than	any	other	allochthonous	population	living	in	the	same	habitat	
(Kawecki	 &	 Ebert,	 2004).	 Landscape	 genomics	methods	 (Joost	 et	










logistic	 regressions	 between	 genetic	 markers	 and	multiple	 environ‐
mental	variables	(Stucki	et	al.,	2017).	samβada	computes	uni-	or	multi‐
variate	models	between	a	binary	genetic	variable	(e.g.,	the	presence/
absence	 of	 a	 genotype)	 and	 one	 or	 more	 environmental	 variables.	
Significance	 is	assessed	against	a	null	model	 (i.e.,	 constant	model	 in	







ety	of	 species,	 including	domestic	 animals	 such	 as	 swine	 and	 cattle	
(Cesconeto	et	al.,	2017;	Vajana	et	al.,	2018),	wild	animals	such	as	the	
freshwater	sculpin	and	European	pond	turtle	(Lucek,	Keller,	Nolte,	&	










such	 as	 plink	 (Chang	 et	 al.,	 2015);	 and	 (c)	 the	 inclusion,	whenever	
present,	of	population	structure	usually	computed	with	a	dedicated	
software	such	as	admixture	 (Alexander,	Novembre,	&	Lange,	2009).	









However,	 the	 r	 software	 (R	 Core	 Team,	 2018)	 provides	 an	
open-source	 computing	 environment	 adapted	 to	 different	 fields	
in	Biology,	 in	which	many	of	 the	 above-mentioned	pre-	 and	post‐
processing	tasks	can	be	found	in	various	r-packages.	Further,	r can 
be	coupled	with	compiled	languages	(such	as	C++)	so	as	to	be	more	













data	 sets	 are	 already	 published	 (see	Data	 availability	 section)	 but	
have	not	yet	been	analysed	with	samβada.
2  | MATERIAL S AND METHODS
We	first	present	R.SamBada,	with	an	overview	of	its	functions,	and	
then	describe	its	application	to	two	case	studies	from	the	ClimGen	
(https	://climg	en.bios.cf.ac.uk/)	 project,	 detailing	 how	 the	 genetic	
data	 were	 collected	 and	 prepared	 for	 subsequent	 analyses.	 Both	
studies	investigate	climate-mediated	selection	at	the	genome	level:	
the	first	analysis	is	carried	out	on	a	Moroccan	sheep	data	set	using	
whole	genome	sequences,	 and	 the	 second	one	 involves	a	Spanish	
cattle	breed	(Lidia)	genotyped	with	the	Illumina	BovineSNP50	array.
2.1 | Implementation
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F I G U R E  1  Overall functionalities and process in R.SamBada. Grey boxes with italic names indicate functions included in the package. The process 
starts with a genomic file and a file with sample locations or list of IDs. The preprocessing will format the genomic file and prepare the environmental 
file; samβada	is	then	run	parallelly	on	multiple	cores;	after	computing	of	p-,	q-values,	Manhattan	plots	and	maps	can	be	drawn	and	Ensembl	
database	can	be	queried
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tem	 used	 is	WGS84	 (corresponding	 EPSG	 –	 European	 Petroleum	
Survey	Group	–	code:	4326),	a	worldwide	system	with	coordinates	




If	 raster	 files	 representing	 environmental	 variables	 are	 available,	
then	 habitat	 information	 is	 directly	 derived	 at	 the	 sampling	 loca‐
tions.	However,	 if	 these	 files	 are	 not	 present,	 createEnv	 is	 able	 to	
use	the	samples’	geographic	coordinates	to	identify	the	correct	tiles	
in	the	WorldClim	(Hijmans,	Cameron,	Parra,	Jones,	&	Jarvis,	2004)	











responding	 environmental	 variables.	 The	 interactive	 mode	 shows	
maps	 of	 sample	 locations,	 so	 as	 to	 locate	 potentially	 misplaced	
points	or	erroneously-set	projection	systems.	This	function	can	save	
substantial	effort,	since	one	single	command	substitutes	a	long	pro‐








eco-climatic	 factors	 in	 the	 analysis.	The	 interactive	mode	will	 show	








can	 be	 interactively	 visualized.	 After	 ordering	 individuals	 according	
to	their	identifiers	(as	in	the	genomic	file	and	necessary	for	samβada's	
analysis),	a	final.csv	file	is	generated,	containing	the	samples’	IDs,	the	





















esis	 testing	 is	 performed.	Here,	 R.SamBada	provides	 the	 function	
prepareOutput,	which	computes	(i)	p-values	by	comparing	the	spread	






















































Sampling and genetic data
 Preprocessing




F I G U R E  3  Spatial	occurrence	of	the	CC	genotype	for	SNP	ss1208941124.	In	the	background,	the	shaded	topography	with	mean	annual	
precipitation	(given	in	[mm/year])	is	displayed	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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total)	were	downloaded	with	createEnv,	 and	prepareEnv	was	 run	














2.3.1 | Sampling and genetic data
The	Lidia	cattle	breed	 (Bos taurus)	emerged	during	the	XVIII	cen‐
tury	 and	 evolved	mainly	 in	 the	dehesas	 ecosystems	of	 the	west/





into	 reproductively	 isolated	 lineages	 (called	encastes)	with	homo‐
geneous	morphology,	 behaviour	 and	 genetics	 (Boletin	Oficial	 del	
Estado,	 2001).	 Such	 a	 peculiar	 evolutionary	 and	 cultural	 context	
boosted	 Lidia's	 population	 size	 to	 become	 the	 largest	 Spanish	
breed	 and	made	 it	 one	of	 the	most	 inclusive	 intergrading	bovine	
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61	 different	 breeders	 evenly	 distributed	 across	 southern	 Spain's	
dehesas	region	(Figure	4).	Between	one	and	seventeen	animals	per	
breeder	were	selected	based	on	pedigree	information	to	minimize	
the	 risk	 of	 kinship	 among	 individuals.	 Animals	 were	 genotyped	
using	the	Illumina	BovineSNP50	array	v.2	(Eusebi	et	al.,	2017).
2.3.2 | Preprocessing
Quality	 control	 analysis	 was	 performed	 using	 the	 prepareGeno 
function	with	a	MAF	<0.05	and	SNP	missingness	<0.1.	The	result‐
ing	 molecular	 data	 set	 consisted	 of	 38,335	 SNPs	 (i.e.,	 115,005	
genotypes).	 SRTM	 and	 Worldclim	 variables	 (56	 in	 total)	 were	
downloaded	with	the	createEnv	function,	and	prepareEnv	was	used	
to	 test	 for	 variable	 correlation	 resulting	 in	 only	 15	 variables	 (10	























cores).	Second,	 if	population	variables	are	 included	 in	the	analysis,	
the	new	version	of	samβada	(0.8.1)	will	only	focus	on	models	includ‐
ing	population	 variables.	Here,	 the	 time	 saved	will	 depend	on	 the	
number	of	population	variables	(for	the	Lidia	cattle	analysis,	with	one	
population	variable,	it	reduced	the	computing	time	from	53	to	9	min).
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3.2 | Moroccan sheep
3.2.1 | Population structure


















3.3 | Lidia cattle in Spain
3.3.1 | Population structure
The	variance	explained	by	the	first	three	components	of	the	PCA	
was	 0.049,	 0.029	 and	 0.024,	 respectively.	 In	 this	 case,	 the	 first	
principal	 component	 is	 likely	 to	 represent	 population	 structure,	
given	 the	 difference	 in	 variance	 observed	 between	PC	1	 and	 2,	
F I G U R E  6  Presence–absence	of	the	AA	genotype	of	SNP	ARS-BFGL-NGS-106879	reported	with	shaded	relief	and	mean	annual	
temperature	[°C	*	10])	as	background.	Due	to	overlaps,	close	points	are	scattered	around	the	farm	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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and	 in	 accordance	 with	 what	 has	 been	 previously	 observed	 in	














area,	 except	 for	 23	 individuals	 found	 in	 different	 farms	 from	 the	
Guadalquivir	valley,	a	region	with	temperature	reaching	36°C	during	
the	hottest	month	of	the	year.	Importantly,	however,	when	compar‐
ing	 Figures	 4	 and	6	 it	 can	 be	 seen	 that	 the	 genotype	 distribution	
does	not	match	the	prevailing	population	structure;	hence,	this	re‐
sult	 is	 independent	of	 the	calculated	population	 structure	present	
within	the	breed.
4  | DISCUSSION
4.1 | Role of the package








Moreover,	 part	 of	 the	 pre-	 and	 postprocessing	 chain	 can	 pos‐
sibly	 be	 coupled	with	other	 software	 used	 in	 landscape	 genomics	










(ss1208941124	 and	 ss1208941157)	 are	 nonsynonymous	 variants	
located	 within	 the	 MC5R	 gene.	 Although	 understudied	 in	 sheep,	
this	gene	has	been	reported	to	be	linked	to	a	wide	range	of	physi‐
ological	 functions	 in	 different	 mammal	 species,	 including	 regula‐
tion	of	food	intake	and	sebum	secretion	(Switonski,	Mankowska,	&	
Salamon,	2013).	Wax	secretion	is	of	particular	interest	with	respect	




Dermatophilosis	outbreaks	have	been	 found	 to	be	 linked	with	ex‐
ceptionally	 rainy	 years	 (Yeruham,	 Elad,	 &	Nyska,	 1995).	 Thus,	 the	





























tively	 uncommon	 for	 nonmodel	 species.	 It	would	 therefore	 be	very	






applied	before	 computing	 the	PCA	would	be	useful.	 Furthermore,	
R.SamBada	 currently	 only	 implements	 basic	 QC	 of	 genetic	 data	
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2013)	or	both	 (Stucki	et	al.,	2017)	 in	order	 to	compare	 the	 results	
obtained.	 Further	 functionalities	 could	 be	 developed	 to	 ease	 the	
computation	and	comparison	with	those	methods.
Finally,	 it	 is	 important	 to	keep	 in	mind	that	 landscape	genomic	







ject	 NEXTGEN	 (Grant	 Agreement	 no.	 244356,	 coordinated	 by	 P.T.)	







S.Dur.	 wrote	 the	 major	 part	 of	 the	 R-package	 with	 the	 help	 of	
O.S.,	E.V.	and	S.S.	on	specific	points.	 In	particular,	the	new	func‐
tionalities	 of	 the	 C++	 code	 were	 developed	 by	 S.S.	 N.S.	 wrote	
the	sections	of	the	manuscript	dedicated	to	the	Lidia	cattle	case	






SOF T WARE AVAIL ABILIT Y
R.SamBada	package	 is	available	 in	the	r	CRAN	package	repository	
and	on	GitHub	(github.com/SolangeD/R.SamBada).
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